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FORENORD

This report was prepared by the National Bureau of Standards Cryogenic Engineer-
ing laboratory under U. S. Air Force Contract No. 33(616)58-4. This contract was
initiated under Project No. 8-(8-7360), "Thermophysical Properties of Cryogenic
Materials", Task No. 73603. The work was administered under the direction of the
Physics lLaboratory, Directorate of laboratories, Wright Air Developrment Division,
with Mr. Paul V. Dimiduk acting as project engineer.

This report covers work conducted from January 1958 to March 1959.

The following members of the Cryogenic Engineering Iaboratory Staff contributed
to this phase of the compendium: D. B. Mann (task author “or helium), Dr. F. E. E.
Germann (task author for hydrogen), Dr. K. D. Timmerhaus¥ (task author for neon,
nitrogen and carbon monoxide), John Macinko (task author for oxyzen), D. A. Van Gundy,
and W. J. Veigle (task authors for air), Dr. P. L. Barrick® (task author for argon),
R. F. Robbins (task author for fluorine and methane), R. L. Powell (task author for
thermal conductivity of solids), and Dr. R. J. Corruccini (task author for expansivity,
specific heat and enthalpy of solids); R. B. Scott and E. H. Brown reviewed most of
the data sheets, noted many inconsistencies and offered many suggestions for improving
the validity and usefulness of the data; Dr. R. D. Goodwin planned the program for
compiling the compendium and initiated work on it. (He also along with Dr. Corruccini,
conferred with the sponsor (WADC) and Armour Research Foundation regarding the scope
and arrangement of the compendium. The proposal and contract were evolved from this
planning.) D. B. Chelton (literature searches for nitrogen and carbon monoxide}; R. V.
Smith** and R. B. Stewart*** (hydrogen literature searching); Dr. V. D. Arp and J. J.
CGniewek compiled data on specific heat and enthalpy of solids; R. J. Rasmussen and
B. D. Troyer, graduate students, assembled much of the data for typing and drafting
of the data sheets; J. A. Brennan and J. R. Cahoon monitored completion of the data
sheets and prepared check prints; W. W. Bulla and G. A. Reynolds drew most of the graphs;
Genevieve Michela and Signe Hartley typed most of the data sheets; and D. E. Jordan
assisted in final review and completion of the compendium. Many other staff members
contributed to the compendium in numerous ways but it is difficult to name them all and
identify their aid. The task was a huge one and all contributions were valuable.

Many others who were sent preliminary copies of this compilation contributed
helpful suggestions and criticisms of the material which has materially improved
the final presentation and its accuracy. The following is a partial 1list of such
contribution: 7I. Simon and I. A. Black of A. D. Little Co., F. Din of DBritish
oxygen Co., L. C. Matsch and staff of Linde Co., W. B. Mitehell of Convair Astronautics,
T. I. Bell of British Royal Aircraft Establishment, Paul Hernaudez of the University
of California Radiation laboratory, W. T. Ziegler of Ceorgia Institute of Technology,
P. E. Liley of Purdue University, ©. J. Dethke of National Cylinder Gas, W. E. Schaefer
of Air Reduction Sales Co., and H. Ziebland of British Ministry of Aviation. Their
help and the help of many others is gratefully acknowledged.

The efforts of Genevieve Michela in carefully supervising the many changes and
corrections made throughout the compendium and preparing it for final publication
are sincerely appreciated. :

*Professor of Chemical Engineering, University of Colorado, employed part-time by
the Cryogenic Engineering lLaboratory.

*¥Assoc. Professor of Mechanical Engineering, Colorado State University, Fort Collins.
**¥¥Assoc. Professor of Mechanical Engineering, University of Colorado
WADD TR 60-56




Thls first phase of the Compendium covers ten TOTESTSIRREICITE TS (Ol el 1 pe AL JUEGISS)
(Part I), three properties of solids (Part II), and an extensive bibliog-
raphy of references (Part III). Density, expansivity, thermal conductivity,
specific heat and enthalpy, transition heats, phase equilibria, dielectric
constants, adsorption, surface tension and VELSIC @Sy TOn S e s Ol s g
and ge: phases of helium, hydrogen, neon, nitrogen, oxygen, air, carbon
monoxide, fluorine, argon and methane are glven wherever adequate data
could be collected. Thermal expansion, thermal conductivity and specific
heat and enthalpy are given for a number of solids of interest in cryogenic
CRELNEEEIAE o, =, JDETE sheets, primarily in graphic Torm, are presented from
Tbest values” of data collected. The source of the material used, other
references and tables of selected values with appropriate comments are
furnished with each data sheet to document the data presented. Conversion
tables and cther helpful information are also included,\

PUBLICATION REVIEW

This report has been reviewed and is approved,

O Lottt —

vt SI0a I LRI

Chief, Thermophysic:z sranch
Fhysies Laboratory
vateriels Central

FOR THi COMMANDER:
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NOTE TO USSR

This volume is intended basically as a lcose-leaf report
for comtinuous expansion and revision as new and revised
data sheets are produced. It has been bound as an
economical means of assembly and distribution. It is
also punched for standard three hole binders that are
availlable from many commercial sources. A simple method
of removing the bound cover and loosening the sheets is
to shear off approximately 1/16" of the bound edge in an

ordinary printers shear.

Manuseript released for publication August 1960 as a WADD Technical Report,

oy e




INTRODUCTTON
A. General Introcduction to FPhase I of the Compilation Program

In the past ten years there has been a greatly accelerated growth
of interest and activity in cryogenic engineering. From a few industrial
applications such as the liguefaction of oxygen and from laboratory scale
research at low temperatures, the activity has g..read to nuclear reactors,
controlled thermonuclear reactions, high altitude flight, missiles and
rockets, the use of cryogenic fuels and oxidants, nuclear powered rockets,
and transportation of liguefied gases; to name a Tew areas of application

in this ever widening field.

As a result of the increased cryogenic activity, and the rigorous
technical demands that often occur in new applications, it soon became
apparent that a great deal more information and data on the properties of
materials at low temperatures is needed by design engineers and physicists
than is now readily available to them. The Wright Air Development Division
of the U. S. Air Force, which is conducting and sponsoring a large amount
of engineering development involving cryogenics, arranged with the National
Bureau of Standards to undertake a program of collecting and compiling data
on the thermophysical properties of materials used in low temperature
applications. The program was started early in 1953 by the Cryogenic
Engineering Laboratory Staff and this compendium presents the first p. .se

of the work.

The scope of this first phase includes as extensive a literature
search as was deemed praclical and the correlation and presentation of data
on ten specified proverties of ten of the most common CEFOEENG . EILTELCHS v - I
also includes three of the more pertinent properties of a number of solids
used at low temperatures. The specified temperature range of primary
interest was from near absolute zero to 110°K. Where desirasble and practic~
able, however, data are included for temperatures up to near room temper-
ature (300°K). Upon the selection and presentation of the "best ralues"
found in the literature gravhical presentation of the data is also made

where practicable. It was stipulated that the metric system of units be




used for the vrimary coordinates of graphs and that "English" or engineer-
ing units also be shown as alternate coordinates to ald design englneers

not accustomed to metric units.

The plan adopted for organizing the compendium embodied two basic
features. One was a "loose-leaf" design allowing more data to be added
as it became available. The other concerned the numbering scheme for
arranging the data sheets. Considering that there are a limited npumber of
properties of materials and almost an unlimited number of materials tlhat
might eventually be of interest, the primary arrangement was made by
properties and a secondary order established for materials. Each data
sheet then is made complete and somewhat independent of any of the other
data sheets. FEach is assigned a code number by property and material

classification and placed in the compendium in a corresponding order.

The data sheets are designed in such a manner as to serve both the
design engineer who needs preselected values suitable for direct use and
the researcher who is interested in the nature of the data and how 1t was
derived. The "best values", or what are considered to be the most probable
values, have been plotted as a full page graph whenever practicable with no
encumbering deviations or alternate values. This is intended primarily for
the design engineer. As complete a documentation as feasible is given to
support each graph and to aid those interested or in need of a more thorough
evaluation of the data. This includes the source of the data, other refer-
ences of merit, brief comments concerning the data and a tabulation of
values selected from the source. Occasionally, alternate values from other
references are tabulated also for comparison purposes. In most cases the
values are given just as they appeared in the source and accordingly the
units are not necessarily'the same as used on the graph. By doing this,
vossible conversicn errors were eliminated and the full significance of the

1
values retained.

This Tirst phase of the program was divided into a number of tasks
for assignment to qualified senior staff members. The task break-down for
the Tluids was by material and so there were ten such tasks. The break-

down for solids was made by property resulting in three additional tasks.

Sl




The person assigned a task is referred to as a "task author'. T+ was the
task author's responsibility to make as complete a literature search as

1ARY il
best

bPracticable and record the scope of his search. He also selelted
values" from the references he found and made pertinent comments regarding
the data. He then presented it to the "general editor" for preparation of
the data sheets. Student aides from the University of Colorado (both
graduates and undergraduates in engineering) were used extensively in
Preparing the detailed data sheets. They also assisted the senior staff
members in identifying references in the literature search. The Cryogenic
Data Center played an important role in actually obtaining documents for
task authors. It also profited as a result of this assistance since the

literature searches turned up nearly two thousand new references of interest

in cryogenics.

Division of the work in the manner just described has both advantages
and disadvantages over other arrangements. A major advantage is that use
can be made of a great diversity of talent by seeking help from persons
most familiar with the subject matter. On the other hand, these people are
usually the ones that already have the reatest demands made on —~heir time
and so 1t 1s very difficult to achieve orderly progress of the work on a
reasonable time schedule. A somewhat better arrangement from a scheduling
standpoint might be to have about two experienced persons working full time
instead of ten or more on a hit-and-miss basis. Two difficulties immediately
become apparent. One is finding persons with broad enough experience to
handle a wide cross section of subject matter as is ReoRelsemye dufitng ithils
work who would accept the tediousness of such a task for a year or more.
The other is that no one or two persons can Possess the general knowledge
that is usually represented by a large number of persons each working in a
somewhat specialized area. Present planning for the future pPhases of this
work 1s to reach some kind of a compromise between the two plans, i.e.
have at least one full time experienced person carrying the bulk of the
search and correlation load but utilize numerous other staff members to

review and criticize the data derived.

The next phase of the program {Phase L) U already well underway.
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Tt covers the following additional properties for cggential

materials as included in Phase I:

Compressibility Factor (Z = PV/RT)...ovovnnn 11.000+
= g
| 1 dv
Compressibility L— 7 (a%)“} and
S | [P javy | .
Compressibility Coefficient | - 57 (EE) l ....... 12.000
o T
— Bl 3
Thermal Conductivity Integrals L / }\dT ...... 13.000
J TO
BT O D S T Tor T s (o T T ST e S i v 14,000
eleehty Of SoumEl s % o ooen o oo 0es sle om0 aoa da a fabsbe 15, 0010)
Solubility (2 component mixtures of liquids
e S T ) N =N = VN S e g B e 16.000
Flectrical Resistivities.............. R B SOXeI0)
Ferromagnetic Properties..... ...t nreniin. 18.000

% This number represents the coding sequence.

It will be issued as a supplement to this first phase of the Compendium
and will be arranged for uniform continuity. There also will, undoubtedly,
be revisions and additions to the material issued here as inconsistencies
and better uwata are discovered. Revised data sheets will be prepared and

issued tc supplant or supplement the current ones.

Comments on this compendium will be greatly appreciated. They should
be sent “o the Cryogenic Engineering Laboratory, attention of the general
editor for the WADD Compendium., We would also appreciate being informed
of any exrrors (typographical, or otherwise) that may be discovered and any
new information that users may have that would enhance the value ©F Thils

compilation.
B. Introduction to Part IT

This Compendium is divided into three parts for convenience; Part I,
Properties of Fluids; Part II, Properties of Solids: and Part i Tl

Bibliography of References, Cross-Indexed.




The properties of solids dincluded in this vhase of the Compendium are: |
Thermal Expansion (2.000), Thermal Conductivity (3.000), and Specific
Heat and Enthalpy (L.000). The solids covered are listed in the "Contents”
for each property. (Code numbers for solids were grouped by classes as
follows: -100 - Pure Metals; .200 - Non-Ferrous Alloys; .300 - Fexrrous

AlToys= Thog=—— Inorganic Compounds; and .500 - Organic Compounds.)

Data sheets are presented individually for each property and material
combination that was found in the literature search. Property values for
many materials of interest in the crycgenic engineering field and for certain
temperaturc ranges are missing in the compilation. Such omission indicates
that no information was Found in the search and perhaps may be that no
measurements have been made in those areas for those cases. Where infor-
mation does exist but was not found in the search, it is planned that data
sheets will be prepared as .he information is received and added to this
compilation. Likewise, where better information than now presented is
developed o: found, a revised data sheet will be Prepared to replace the

current one.

"best values" selected from data given

The graphical presentation of
in the literature is made on full-page graphs as far as practicable,
Metric units are used for the primary coordinates, but "English" or engineer-
ing units are alsc given as alternate coordinates except in a few instances
where the metric units are regularly used by engineers. (It might be noted
that alternate use of calories and Joules exists among some of the graphs.
The joule is now the accepted metric unit of energy, but unfortunately some
of the first graphs were prepared using calories and have not yvet been re-
drawn.) Careful note should be made of the units used when picking values

from a graph. Not only should the exact dimensions of the units be noted

but alsc the magnitude of the unit. For instance, some units are given in

watts, others in milliwatts or microwatts, etec. Also, occasionally there is




a note to “multiply'by'10"3" or "miltiply value by‘lO"j", S, et

ins tances, this means to multiply the numerical value taken from the graph
by the number given. It has no direct reference to the size of the unit.
TFor exanple, a value ol 317 may be read from a graph that has a note to
"miltiply by 10-4". The actual value is .0317 of the units given. The
curves on the graphs are often plotted for a limited temperature range
because of the limitation of available data. It 1is dangerous to extrapo-
late such curves beyond the extent plotted because of transitions and other

anomalies that frequently are present but not indicated.

Conversion tables of dimensional units pertinent to a particular
property are given at the beginning of each property chapter. Other
conversion tables of more general application have been included for users'

convenience as appendixes.
(G2 Scope of Literature Searches

Specific literature searches were made by the task authors in an
effort to survey as much of the published literature as possible on the
thermo-physical properties of materials of interest in cryogenic engineer-
ing. The principal indexes and bibliography services used for searching
out the desired literature were: Chemical Abstracts, Physics Abstracts,
Engineering Index, Industrial Arts Index, ASME Seventy-Seven Year Index,
Dissertation Abstracts, Bureau of Mines Bibliographies, and other published
bibliographies. The usual procedure was to search the indexes of the various
abstracts and note all items that might possibly pertaln to the desired
subject matter. A review of the actual abstracts of the referenced litera-
ture then indicated more conclusively whether the article was pertinent.
Articles selected were then ordered from various library services and re-
viewed in full text. All articles that contained pertinent information
were then listed in the applicable bibliography of references and considered
in the selection of data. There is listed below the extent of the specific

searches made for each task:

Thermal Expansion of Solids

a. Physical Abstracts 1898 thru 1957




k= A.S.M. Review of Metal

Literature 194k thru 1956
e Metallurgical Abstracts 1931 thru 1956
d. Chemical Abstracts 1948 thru 1956

Thermal Conductivity of Solids
Chemical Abstracts: Volumes 1 thru 50 (1907 - 1956)
Fhysics Abstracts: 1900 thru 1956

@o Landolt-Bornstein Physikalisch-chemische Tabellen, Edited
by W. A. Roth and K. Scheel (Julius Springer, Berlin) 5th &els
Voll, B SdUORS5 - Bt @&l o dliSg supplement, vol. 1, 1927; Stia &6lop
2nd supplement, vol. 2, o3y S ed., 3rd supplement, wvol, 35
9B 6%

di NBS Circular 556. Thermal Conductivity of Metals and Alloys

at Low Temperatures; A Review of the Literature (1954)

Specific Heat and Enthalpy of Solids

a. Bureau of Mines Bulletin 477, 1950 covers inorganic substances
up to 1948,
b. General Electric Company Research Laboratory Bulletin:

The Heat Capacities of the Elements Below Room Temperature

Compiled by C. A. Shiftman covers elements to 1952,
¢.  FPhysics Abstracts: 1948 thru 1957
d. Chemical Abstracts: 1948 thru 1956

In addition to the specific searches listed above, a considerable
number of references were found from listings on file in the Data Center
that had been acyuired somewhat at random. Also, inasmuch as most of the
searches were for all properties of a particular material, many of the
articles covered several materials, These additional references were add-
ed to the bibliographies of the Other materials covered and were used by
task authors in their evaluation and selection of data. A third additional
source of references was from the documents themselves. Selected documents
frequently listed references of a broader coverage than the material pre-
sented in 1t, and thus provided a more extensive range of properties. As a

result, the actual scope of the literature searchling was much greater than

indicated by the specific searches as listed.
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2.000

THERMAL EXPANSION of CRYOGENIC SOLLDS

CONTENTS
Thermal Expansion Of CoPper. . ... evrereteoenansosatotosseesesones 2 ol
Thermal Expansion of Silver..... ..o eeeennetnnniiitstonnnnns 2.112-2
T eEle 1T EIaE ko, O~ ZIhakes Btk o b0 6 606 30 000 0 10766 00 BT OO0 o 6 06 O 6 2.122
Thermal Expansion of ALuminuUm. ......oeceeeeectoaesssasoeceasossns 2.132
g ETEREIL TGOS IO R (Oitt, JLBEIIEIILA o ot 00 0 5 6.0 00 00 0 0.9/0 0.0.0-0-3 0 00 b 6 oo 6 0.0’ o' 252
Thermal Hxpamsion of COBON (GEARRINTE - - -« « s cecvbeoceocnsroonssot 2.14p-1
Thermal Expansion Of Lead. .t ieeetnett it oeeeennenoreesan 2.14k2-3
Thermah Bmpenslion of B (TEER) .o o ocooos o 0B @b o orifb oo oo s oo o 2.14k2-3
Thenmedl: EEpancion of ARRERN L o ¢ b onewomslend ohel s CFuers oo HRENIEEN L r HmW el ARE 2,181
Themmen:, ispansion, o THNSKEN:, « .o RN e - L TR S 7). 7o i 2.181
Thiesrmailk Feepans 1 o CEESRREEEN: & b ks o6 Mg T 15 SO e S <o e AR 2.181

Author's Note

Values of thermal expansion are given in the form of (a) total

L - L
fractional expansion, —E%Q___JE

293
% %%, change per unit length per °K. TFor example the total fractional

expansion (or contraction) for copper for a temperature change Trocm
293.15°K (20°C) to 50°K is .00321 in./in., i.e., a bar will be .0032L
inches shorter at 50°K per inch of length than it was at 293.15°K.

; and (b) by coefficient of expansion

Howerer, the coefficient of expansion for copper at 50°K is .00038
in./in.~°K, i.e. 1t will expand (or contract).00038 inches per inch

per °K temperature change from 50 °K.
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2.112-1

THERMAL EXPANSICN OF COPFER

Source of Data:

Rubin, T., Altman, H. W. and Johnston, H. L., J. Am. Chem. Soc. 76,
5289-93 (1954)

Other References:

Simmons, R. O. and Balluffi, R. W., Phys. Rev. 108, 278-80 (1957)
Beenakker, J. J. M. and Swenson, C. A., Rev. Sei. Instr. 26, 1204 (1955)
Bijl, D. and Pullan H., Physica 21, 285 (1955)

Fraser, D. B. and Hollis-Hallet, A. C., Proc. 9th Intern. Congr. Refrig.
1, 1065 (1955)

Nix, F. C. and MacNair, D., Phys. Rev. 60, 597-605 (1941)

Aoysma, S. and Tto, T., Sci. Repts. Tohoku Univ. 27, 348-64 (1939)
Adenstedt, H., Ann. Physik 26, 69-96 (1936)

Simon, F. and Bergmann, R., Z. physik. Chem. 8, 255-80 (1930)

Krupkowski, A. and De Haas, W. J., Communs. Phys. Lab. Univ. Ieiden
194b (1928)

Keesom, W. H., Van Agt, F. P. G. and Jansen, A. T. J., Proc. Acad. Sci.
Amsterdam 29, 786-91 (1926)

Buffington, R. M. and Latimer, W. M., J. Am. Chem. Soc. 48, 2305-19 (1926)
Borelius, G. and Johansson, C. H., Ann. Physik 75, 23-36 (1924)
Lindemann, C. L., Phys. Z. 12, 1197-99 (1911)

Henning, F., Ann. Physik (4) 22, 631-39 (1907)

Dorsey, H. G., Phys. Rev. 25, 88-102 (1907)

Table of Selected Values

Temp. - Temp. -
BT | LAl o3 T 1AL L,
°K 293 ’K 293
0 326 x 1077 | © _ | |120 260 x 1072 | 1.20 x 107
10 326 L 0.004 x 10~° 140 235 " 1.32 "
20 326 " .03 " 160 208 " 1.1 "
30 325 " .10 " 18c 179 " 1.47 "
Lo 324 " .23 " 200 149 " 1.52 "
50 321 " .38 " 220 118 B 1.56 w
60 316 " .55 " 240 87 u 1.59 u
70 310 u .70 o 260 55 u 1.62 &
80 302 i .8k o 273.15 33 o 1.64 2
90 293 N .95 2 280 22 o 1.65 i
100 283 1 1.05 1 293.15 0 1.67 i
300 SN u 1.68 u
JJG/IRC Issued: 12/1/59
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2.112-2

THERMAL EXPANSION of SILVER

Sources of Data: Ebert 1928, Nix and MacNair 1942,

Other References: Ayres 1905, Buffington and Latimer 1926,
Dorsey 1907, Henning 1907, Keesom and
Jansen 1927, Lindemann 1911.

Table of Selected Values

Temp. Lag3 = Dp % %% Temp. Lags3 - Lp % %%
°K L293 per °K °K L293 per °K
0 113 x 107 | o 120 308 x 1077 |1.59 x 107
10 413 " 0.01 x 107°| 1ko 276 o 1.65 e
20 b2 & ofll " 160 2ho " 1.69 "
30 ko " 3 " 180 208 " 173"
Lo Los " .6 " 200 173 4 DO g i
50 398 g 8 “ 220 137 P B {81 i
60 389 i 1.0 ¥ 2Lo 100 ¥ 285 i
70 378 " 1.2 b 260 63 B 1.88 4
80 366 i 1.3 L 273 38 A 1.90 "
90 353 kK 1.36 " 280 25 i 1.90 "
100 339 ¢ 1.46 " 293 0 ¥ 1.91 .
300 -13 g 1.91 "

RJC  Issued: ©6/11/59
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2.122
THERMAL EXPANSION of ZINC

Source of Data:
Gruneisen, E. and Goens, E., Z. Physik. 29, 1k1 (192k)
Other References:
Dorsey, H. G., Phys. Rev. 27, 1 (1908)
Grineisen, E., Ann. Physik. 33, 33 (1210)
Head, E. L. and laquer, H. L., AECD-3706 (1952)
Lindemann, C. L., Physik. Z. 12, 1197-9 (1911)

Mclennan, J. C. and Monkman, R. J., Trans. Roy. Soc. Can. III 23, 255-67
(1929)

Comments

The data on zinc are discordant. The differences found among polycrystal-
line samples (Dorsey, Griuneisen, Head and Laquer, Lindemann) are attribut-
able to the high degree of anisotropy of the zinc crystal which is shown
by the data of Gruneisen and Goens in Table I. Evidently, appreciable pre-
ferred orientation is present in most polyerystalline zinc.

Table II has been derived from Table I and gives the average linear expan-
sion. This is presumed to be representative of polycrystalline zinc that
is without preferred orientation of crystallites. The expansion coeffi-
cients of Dorsey and of Head and laguer are up to 20 per cent lower than
those of Table II while those of Grineisen and of Lindemann are less than
one third as great. The expansions of various samples of polycrystalline
zinc could conceivably cover a wide range of values between the limits set
by the data of Table T.

Table T

Expansion Coefficients of Single Crystal Zinc
Parallel and Perpendicular to the Hexagonal Axis

1 -

L Ty - T

293 2 1
°K °K .

I =

293 | 253 | 6.43 x 1072 1.25 x 1072
253 213 6.51 Y 1.13 "
213 173 6.54 . 1.01 "
173 133 6.56 i .83 ¥
133 93 6.4k - + .50 i
86 20 5.25 i = 320 "




2.122

THERMAL EXPANSION of ZINC (Cont.)

Table IT

AVERAGE EXPANSION of ZINC¥

= % S e | o L29___3___L29;T LaL, per
0 683 x 1072 | O 120 | L92 x 1077 | 2.53 x 1077
10 683 " .03 x 1072 10 | kko " 2.63 "
20 682 " .3 d 160 | 386 " 2.713 "
30 677 " .8 " 180 331 " 2.81 v
Lo 667 J 1.3 " 200 27h " 2.87 v
50 652 " i 7 " 220 | 216 " 2.91 "
60 633 " 2.1 " oko 157 o 2.94 "
70 611 " 2.8 ) 260 98 " 2.96 "
80 588 " 2.3 " 273 60 " sigp "
90 565 " 2.36 " 280 39 " 2.98 "
100 541 " 2.k2 o 293 0 2.99 "
300 | -22 " 3.00 "
* Calculated on the basis: (Tl: x %)av = (3—]]‘: x %)” + (3-12: x %")—L

JRC  Issued: 12/1/59
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Source of bata:

Other References:

2,152

Altman, Rubin and Johnston 1954.

THERMAL EXFANSION of ALJMINUM

Ayres 1905, Bijl and Pullan 1955, Buffington
and Tatimer 1926, Ebert 1928, Gibbons 1958,
Henning 1907, Hume=Rothery and Strawbridge
1947, Tindemann 1911, Nix and MacNair 19L1.

Table of Selected Values

Temp. | 293 ~ T 1AL openp. | 293 T T I
ox Log3 per °K °K L293 per ‘K
0 415 x 1072 | © 120 343 x 1077 | 1.46 x 1077
10 k15 " 0.005 x 107°f 1ko 3 1.65 "
20 415 " 02 " 160 211 u 1.79 .
30 Lk " .09 " 180 240 i 150 "
) 413 " .22 v 200 201 " 2.00 v
50 hio " .38 " 220 160 u 2.08 4
60 405 2 55 " 240 118 ” 2.15 "
70 399 " TR " 260 5 " 2.21 "
80 391 ¥ .91 i 273 45 " 2.25 "
90 381 : 1.07 " 280 30 " 2.27 "

100 370 " 1.22 " 293 0 " 2.30 "

300 -6 " 2.32 "

RIC  issued: 6/15/59
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2.132
THERMAL EXPANSION of INDIUM
Source of Data: Swenson 1955
Other References: Hidnert and Blair 1943
Discussion: In the two investigations above, the experimental
methods and sample purities were very similar.
Yet the two points by Hidnert and Blair,
= a =
(g = Lygs) / Topy a0 (Lops - Lg3) / Loy,
are respectively 7% and 4% less than Swenson's
corresponding points. Swenson's data have been
adopted solely because they include more points
over a wider temperature range.
Table of Selected Values
L L 1 4L L - 1 4L
= =R T L af Temp.| 293 ~ 'r L ar
°K L293 per °K °K L293 per °K
o | 706x 107 o. 120 500 x 1072 | 2.52 x 1077
10 706 " 0.2x 1077 || 1o 448 B a6s
20 701 " 0.7 " 160 394 u 2.72 u
30 691 's 1.3 i 180 339 = 2.79 "
Lo 676 R 1.7 = 200 282 2 2.86 b
50 658 ¥ 1.91 b 220 o2 2 2.93 "
60 638 2 2.04 i 2Lo 165 " 3.01 W
70 617 i 2.15 " 260 104 " 3.08 u
80 595 " 2.2h v 273 63 " 3.3 "
90 572 b 2.32 - 280 Lo L 3.15 "
100 549 " 2.39 " 293 0 " 3.20 "
300 -22 3.22 L
RJC  Issued: 6/15/59




2.1ik42-1

THERMAL EXPANSION of CARBON (GRAPHITE)

Sources of Data:
Baskin, Y. and Meyer, L., Phys. Rev. 100, 54k (1955)
Cohen, E. and Olie, J., Z. physik Chem. 71, 385-400 (1910)
Dewar, J., Proc. Roy. Soc. (London) 70, 237-46 (1902)
Erfling, H. D., Ann. Physik 34, 136-60 (1939)

Walker, P. L., McKinstry, H. A. and Wright, C. C., Ind. Eng. Chem.
L5, 1711 (1953)

Comments :

The macroscopic thermal expansion of polycrystalline graphite has not
been measured at %ow temperatures. Baskin and Meyer by x-ray methods
obtained 28 x 10-© for &, , the mean expansion coefficient from 78° to
297°K in the c-direction (normal to the laminae) for polycrystalline
artificial graphite. This result agrees closely with Walker et al

who obtained the constant value 29 x 10-© from high temperatures down
to 77°K. Baskin and Meyer found the corresponding coefficient for the
a-direction, &, (parallel to the laminae) to be zero within experimental
error, as was&, in the intervgl, L to 78°K. With a single crystal

the values o, .= (22 + 1) x 10°© in the range 78° to 297°K, apd &, =

(T *3) x 107 in the range 4.2° to T8°K, were obtained. Erfling de-
termined grecise values of v, for a natural graphite ranging from

6.6 x 107® at room temperature to 2.3 x,10-6 at about 90°K. Cohen and
Olie obtained a mean volume expansion coefficient for a natural graphite
over the interval 110° to 295°K which wzen divided by 3 gives an average
linear egpansion coefficient of 6 x 10-°. Dewar similarly obtained

24 x 10-0 in the interval 85° to 290°K.

From these discordant results we can estimate that a polycrystalline
artificial graphite will probably have a mean « between room temper-
ature an% liquid air temperatures within a factor of two of the wvalue
10 x 107° per °K. However much lower value-~ for room temperature
can be found in the literature

RJC Issued: 12/1/59
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Sources of Data:

Other References:

2.1h42-3
TEHERMAL EXPANSION of IEAD
Dheer and Surange 1958, Ebert 1928, Nix and

MacNair 1942, Olsen and Rohrer 1957.

Dorsey 1908, Gruneisen 1910, Head and Laguer

1952, Lindemann 1911, Mclennan, Allen and
Wilhelm 1931.

Discussion: Superconducting lead has a slightly greater volume
and a slightly smaller expansion coefficient than
normal lead according to data by Olsen and Rohrer
covering the region from 1° to the transition
temperature, 7.2°K. For example, the difference in
expansion coefficients at 5°K is about 10%.

Table of Selected Values
L - 1d4dL L - 14l
Temp. 293 LT T ar Temp . 293 LT T at
.4 L293 per K °K 293 per °K
0 708 x 1077 | 0 120 W77 x 1072 | 2.56 x 107
5 708 i 0.03 x 1072 || 140 Los " 2.63 "

10 707 " 0.32 " 160 372 " 2.68 N

20 700 . Je e " 180 318 " 2.72 o

30 686 " 1.7 " 200 263 u 2.75 ¥

Lo 667 i 2.0 " 220 208 i 2.78 *

50 646 B 2.2 b 240 152 g 2.82 4

60 624 o 2.3 " 260 96 " 2.85 "

70 601 " 2.4 4 273 58 " 2.88 ¥

80 577 " 2.4 i 280 38 W 2.89 §

90 552 & 2.5 " 293 0 2.9 ¥

100 528 ! 2.5 - 300 -20 2.9 i

JRC  Issued: 6/15/59




2.142-3
THERMAL EXPANSION of TIN (GRAY)

References: Thewlis and Davey 1954

Discussion: Gray tin is a brittle form with diamond-type lattice
that is stable below 18°C. The ordinary ductile
variety of tin (white tin) if pure may transform to
gray tin at low ambient temperatures but is stabilized
by the presence of iupurities.

The data cover the range -130 to +20°C and are
represented by a constant expansion coefficient,

1dL _ 0.47 x 1072 per °C.
L ar i o

£
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2.181

THEEMAL EXPANSTION of IRON

Sources of Data: Ebert 1928, Nix and MacNair 1941

Other References: Adenstedt 1936, Dorsey 1907, Simon and Bergmann
1930.

Table of Selected Values

Temp. | 1293 ~ Tt & Temp. | 7293 7 Mr &
°K L2g3 per °K °K L293 per °K
o | 198x107 |0 1m0 | 156 x 1072 | 0.76 x 10™°
20 | 198 " 0.00 x 1072} 160 | o " lo.86 ¢
30 198 " .03 " 180 122 " o.94 "
ko 197 " .07 i 200 102 " 1.00 "
50 196 " a3 220 82 1.05 "
60 195 " .20 ph 2Lko 60 " 1.09 "
70 192 " .28 260 38 " I -
80 189 " .35 " 273 23 " 1.1k "
90 185 " A2 " 280 15 " 15 i
100 181 o k9 u 293 0 " 1.16 i
120 igo;, " 63" 300 L ™ el

RIC Issued: 6/5/59
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2.181

THERMAL EXPANSION of NICKEL

Sources of Data: Krupkowski and DeHaas 1928, Nix and
MacNair 1941.

Other References: Adenstedt 1936, Altman, Rubin and Johnston
195k, Aoyama and Ito 1939, Disch 1921, Henning
1907, Simon and Bergmann 1930.

Table of Selected Values

Temp. L293 - Ip % %% Temp . L293 - Ip % %%
°K 293 per °K °K 293 per °K
o) ooh x 1077 |o. 140 171 x 107 | 0.88 x 1077
20 22l " 0.02 x 1077 160 152 ¥ 0.98 o
30 2ok " .05 i 180 132 ¥ 1.05 )
Lo 223 " .10 " 200 in =] " 1.10 o
50 221 " .19 " 220 88 . 1.45 "
60 219 " .28 " 24O 65 " 1.19 "
70 216 " .38 " 260 L " 1.22 "
80 211 " R4 " 273 25 " 1.23 "
90 206 i .55 i 280 16 " 1.24 g
100 201 g Sl i 293 o} il 1.25 .
120 187 T .75 " 300 -9 " 1.25 .

RJC  ISSUED: 6/5/59
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2.181

‘"HERMAL EXPANSION of L-NICKEL

(International Nickel Co. 1ow-carbon nickel, 99.6% pure)

Source of Data:

Table of Selected Values

Altman, Rubin and Johnston 195k,

P Togm - 1 4L

o bE || T | A%
o | 230 x 107 o | 175 x 1072 | 0.92 x 107
20 230 " .01 x 1072 || 160 156 " 1.00 "
30 230 L " 180 135 " 1.08 "
Lo 229 " " 200 113 " 1.13 "
50 228 " i 220 90 " nag "
60 226 " & 2ko 66 i 1.21 "
70 223 " i 260 L2 " 1,24 "
80 218 " ¥ 273 25 " 1.26 "
Q0 213 " y 280 7 S 121 "

100 207 " ¥ 293 o " 1.8 M

120 192 " " 300 -9 " 1.29 "
RIC _ Issued: 6/5/59




3.000

THERMAL CONDUCTIVITY of CRYOGENIC SOLIDS

CONTENTS
Conversion Factors for Thermal Conductivity.......cvvvievinnnnnnn, «...3.000
Thermal Conductivity of Lithium, Sodium, Potassium, Rubidium, and
............. I = = e R e AR o
Conductivity of Coppers (various tyPes)......eeeeeeeeeneennn.. 3.112-1
Conductivity of Silver and Gold........ 00000 000000000008066600 3.112-2
Conductivity of Beryllium and Magnesium...........c00vivvun... 3.121
Conductivity of Zinc, Cadmium, and Mercury...... cecsesraanse..3,122
Conductivity of Lanthanum, Cerium, and Uranium........... 500 o SJodLeRk
Conductivity of Aluminum, Gallium, Indium, and Thallium....... 3.132
Conductivity of Titanium, Zirconium, and Hafnium..... o oo 0 o @ o ISNEIREL
Conductivity of Carbons.................. BT~ e conew on - o s oEMIERBSTL
Conductivity of Silicon and Germanium....................... ..3.1k2-2
Conductivity of Tin and Lead........ PRSI Aty o .. B ..3.142-3
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CONVERZICN FACTORS for THERMAL CONDUCTIVITY

Watts cm | Watts in| Cal cm BTU in BTU £t BTU in BTU in
cm? °K in2 °F |sec cm2®K|hr £t2°F |hr £t2°F [sec in2°F [hr in2°F
Watts cm _ o 6.9340 1.338
1 e Ea 1.000 1.1 0.2389 L hP 57.79 S 4,816
Watts in L, 914 9.480
s 0.7087 | 1.000 | 0.1693 - 102 L0.95 L et 3.413
Cal. em 2.9027 2.419 5.602
—_— =] 4, g i .
sec cm2°K RS 5.907 i x 103 x 102 | x 10-3 2O
5 BTU in 1.kh42 2,035 3.445 i 8.33 1.929 6.944
hr ££2°F x 1073 | x 10-3 | x 10l : x 102| x 10-6 | x 10-3
BIU £t _ | 1.730 2,442 k.135 2.315 8.333
hr £t2°F x 10-2 x 10-2 | x 10-3 2sss e x 10~5 x 10-2
" BTU in _ _ | 7.4738 | 1.0548 | 1.785 5.184 4.3191 3.600
sec 1in2°F x 102 x 103 | x 102 x 105 x 104 | 1% x 103
N BTU in 05076 4,960 1.44 2.778
—"—‘—"hr ol o .207 0.2930 - 162 « 12 12,000 x 10-l 1.000
JRC/VJJ  Issued: 10/7/59
Revised: 5/20/60
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3.111

THERMAL CONDUCTIVITY OF LITHIUM, SODIUM
POTASSIUM, RUBIDIUM, and CESIUM

Source of Data: (a) D.K.C. MacDonald, G.K. White and
S.B. Woods, Proc. Roy. Soc. (London)

A235, 358-37h (1956).

(b) Same as (a); and R. Berman and D.X.C.
MacDonald, Proc. Roy. Soc. (London)

A209, 368-375 (1951).
(c) same as (a).

(a4) same as (a).

(e) sSeme as (a).

Comments: (a) Lithium; "high purity," meited and extruded
into a stainless steel tube, (A.D. Mackay)

(b) Sodium; "exceptional purity" melted in
Vecuum and cast in glass, (Philips); and
trace of silver, melted in vacuum and
cast in glass, (Philips)

(¢) Potassium; "high purity,” melted in vacuum
and cast in glass

(d) Rubidium; "high purity," melted in vacuum
and cast in glass, (Mackay)

(e) Cesium; "high purity," melted in vacuum
and cast in glass, (Mackay)

RLP Issued: 5/1/58
Revised: 3/1/59
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Source of Data:

Comments ¢

(2)

(v)
(c)
(a)
(e)
(£)

3.112-1

THERMAL CONDUCTIVITY
of COPPERS

(a) R. L. Powell, H. M. Roder and W. J. Hall,
to be published

(b) R. L. Powell, H. M. Roder and W. M. Rogers,
J. Appl. Pnys. 28, 1282-1288 (1957)

(c) same as (b).

(d) R. W. Powers, D. Schwartz and H. L.
Johnston, TR 264-5, Cryogenics Laboratory,
Ohio State University (1951) 11 pp.

(¢) R. L. Powell and D. O. Coffin, Rev. Sci.
Tnstr. 26, 516 (1955).

(£) Same as (b).

High Purity; 99.999% pure, annealed, (Am. Smelt
Ref.)

Coalesced; 99.98% pure, annealed, (Phelps Dodge)

Flectrolytic Tough Pitch; 99.95% pure, annealed

O0.F.H.C.; 99.95% pure, annealed
(o) Cu; 1% Pb, annealed
(Te) Cu; 0.6% Te, annealed

RLP
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) Fy

THERMAL CONDUCTIVITY
of SILVER and GOLD

Source of Data: (a) G. K. White, Proc. Phys. Soc.

(London) A66, 8LL-845 (1953);
C. H. Lees, Phil. Trans. Roy. Soc.
(London) A208, 381-Lk3 (1908)

(v) G. X. White, Ibid. (a)

(c) G. K. White, Proc. Puys. Soc.
(London) A66, 559-56k4 (1953);
W. Meissner, Ann. Physik L7,
1001-1058 (1915)

(d) G. K. White, Tbid. (c)

Comments: (a) Silver 1; 99.999% pure, annealed, and
99.9% pure (Johnson, Matthey)
(v) Silver 2; 99.999% pure, drawn (Johnson, Matthey)
(¢) Gold 1; 99.999% pure, annealed (Johnson, Matthey),
99.999% pure, annealed {Mylius)
(4) Gold 2; 99.9% pure, drawn, (Garrett)
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=55

THERMAL CONDUCTIVITY of
BERYLLIUM and MAGNESIUM

Source of Data: (a) H.-D. Erfling and E. Gruneisen, Ann.
Physik L1, 89-99 (1942).

(b) G.K. White and S.B. Woods, Can. Jie
Physics 33, 58-73 (1955).

(c) W.R.G, Kemp, A,K. Sreedhar and G.K,.
White,Proc., Phys, Soc. (London) A66,
1077-1078 (1953).

(d) Seme as (c)

Cormments: (&) Beryllium-1l: "high Purity" single crystal,
Degussa)

(b) Beryllium-2; 2% magnesium, sintered rod,
T{Brush)

(c) Magnesium-1; 99.98% pure, annealed in
Yecum 3 hours at 350°C, (Johnson, Matthey)

(d) Magnesium-2; 99.98% pure, cold drawn,
TJohnson, Matthey)
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Source of Data:

Comments 3 (a)

(v)

(c)

ol

THERMAL CONDUCTIVITY of

2INC, CADMIUM, and MERCURY

(=)

(v)

(c)

Zinc;

H. M. Rosenberg, Phil. Tirans. Roy Soc.
(London) A247, 4u1-497 (1955); C. C.
Bidwell and E. J. Lewis, Phys. Rev. 33,
249-251 (1929).

H. M. Rosenberg, Phil. Trans. Roy. Soc.
(London) A2L47, LU1-497 (1955); E. Goens
and E. Gruneisen, Ann. Physik 1k, 164-180

(1932).

H. Reddemann, Ann. Physik 1k, 139-163
(1932).

99.997% pure, single crystal, apnealed,

{Tmperial Smelt); and 99.993 pure, single erystal

Czdmium; 99.995% pure, single crystal, (Hilger);
and "pure” single crystal, (Kahlbaum)

Mercury; Average values for ten single crystals
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Bl

THERMAL CONDUCTIVITY of
LANTHANUM, CERTUM, and URANIUM

Source of Data: (a) H.M.
Soc.

(b) Same

(c) Same

Comments: (&) Lanthanum;

ROqenberg, Phil. Trans. Roy

(London) A247, LL41-497 (1955)
as (a)o

as (a).

99.94% pure

(b) Cerium; 99.6% ovure

(¢) Uranium; "Very high'" purity
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THERMAL CONDUCTIVITY, BTU/hr ft °R
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3132

THERMAL CONDUCTIVITY of ALUMINUM,
GALLIUM, INDIUM, and THALLIUM

Source of Data: (a) R. A. Andrews, R. T. Webber and D. A. Spohr,
Phys. Rev. 84, 994-996 (1951); R. 'W. Powers,
D. Schwartz, and H. L. Johnston, TR 26L-5,
Cryogenic Laboratory, Ohio State University

11 pp (1951).

(b) R. L. Powell, W. J. Hall and H. M. Roder, to
be published.

(c) H. M. Rosenberg, Phil. Trans. Roy. Soc.
(London) A2L7, Lh1-L97 (1955).

(a) same as (c)
(e) same as (c)
Comments: (a) Aluminum-l; 99.996% pure, single crystal (Alcoa) and
99.99% pure, cold drawn (Alcoa)
(b) Aluminum-2; 99% commercial pure, (Alcoa) drawn
(c) Gellium; Single crystal
(4) Indium; 99.993% pure,(Johnson, Matthey)

(e) Thallium; 99.99% pure, (Johnson, Matthey)
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THERMAL CONDUCTIVITY,
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BET !

THERMAL CONDUCTIVITY of
TTTANIUM, ZIRCONIUM, and HAFNIUM

(a) H.M. Rosenberg, Phil, Trans. Roy
Soc. (London) A247, LL1-497 (1955)

(b) Same as (a)

Source of Data:

(¢c) G.K. White and S.B. Wouds, Can. J.
Physics 35, 892-900 (1957)

Comments: (a) Titaniums 99. 99% pure, (Assoc. Elec,
Tndustries) single crystal

(b) Zirconium; 98% pure, (Metropolitan Vickers)

(¢) Hafnium: 1% zr., (Foote Mineral)
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3.142-1

THERMAL CONDUCTIVITY
of CARBONS

Source of Data: (a) W.W. Smith and N.S. Rasor, Phys. Rev.
104, 885 (1956)

(b) Same as (a)

(c) Same as (a)

(d) R, Rerman, Bull,., Inst. Int. du Froid,
Annexe 1952-1 (1952)

Comments: (a) Natural Graphite: National Carbon

(b) Pitch Bonded Graphite; Type AGOT=-KC

(c) Pyrolytic Graphite; Natlonal Carbon

(d) Carbon Resistor;
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THERMAL CONDUCTIVITY, BTU/hr ft °R
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3.142-2

THERMAL CONDUCTIVITY of
SILICON and GFRMAWIUM

Source of Data: (a) G.K. White ard S.B., Woods,
JOE) S CCSINNEIE
(b) Same as (a)

Comments: (&) Silicon; n=type single crystal

(b) Germenium; p~type
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3.142-3

THERMAL CONDUCTIVITY
of TIN and LEAD

Source of Data: (a) H.M. Rosenberg, Phil,Trans. Roy. Soc.
(London) A247, L41-497 (1955)
(b) Same as (a) and W. Meissner, Ann.
Physik 47, 1001-1058 (1915)
Comments: (&) Tin; 99.995% pure, single crystal, (Johnson,
Matthey)

(b) Lead: 99.998% pure, single crystal (Tadanac)
and 99.998% pure, cold drawn, (Kshlbaum)
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3.151

THERMAL CONDUCTIVITY of
VANADTUM, NIOBIUM, and TANTALUM

Source of Data: (a) G. K. White and S. B. Woods, Can. J.
Physics 35, 892-900 (1957)
(b) Same as (a)
(c) H. M. Rosenberg, Phil. Trans. Roy. Soc.
(London) A2k7, L41-497 (1955)
Comments: (a) Vanadium; 99.9% pure, (Electrometallurgical Co.)

(b) Niobium; 99.9% pure, annealed in vacuum, (Fansteel
Metal)

(c) Tantalum; 99.98% pure, (Johnson, Matthey)
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Source of Data:

Comments :

(o) Bismuth;

3.152

THERMAL CONDUCTIVITY of
ANTIMONY and BISMUTH

() H. M. Rosenberg, Phil. Trans. Roy. Soc.
(London) A2Lk7, 4k1-497 (1955)
A. Bucken and G. Gelhoff, Deutsch Physik
Gesell, 1k, 169-182 (1912)

(b) W. J. deBaas and W. J. Capel, Physica 1,
929-934 (1934)
H. Reddemann, Ann. Physik 20, 441-448 (1934)

(a) Antimony;

RLP

Issued:
Revised:

5/1/50
37i/59

annealed, (Johnson, Matthey)

cold drawn (Kahlbaum)

99.995% pure, single crystal, (Hilger)
single crystal, (Kahlbaum)
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it

THERMAL CONDUCTIVITY OF CHROMIUM,
MOLYBDENUM, and TUNGSTEN

(n) A.F.A. Harper, W.R.G. Kemp, P.G.
Klemens, R.J. Tainsh, and G.K. Whlte,

Phil. Mag. 2, 577- 583 1957)

(b). H.M. Rosenberg, Phil. Trars. Roy
Soc. (London) A247, [1-497 (1955);
W.G. Kannaluilk, Proc. Roy. Soc.
(London) Alll, 159-168 (1933)

(e). W J. deHaas and J. deNobel, Physica
s 4L9o-U63 (1938)

Source of Data:

(a) Chromium; 99.998% pure, recrystallized.
(b) Molybdenum; 99.95% pure and 99.8% pure

Comments:

(¢) Tungsten: Philips, single crystal
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= 5

THERMAL, CONDUCTIVITY of
MANGANESE and RHENIUM

Source of Data: (a) G. K. White and S. B. Woods, Can J. Physics
35, 346-348 (1957)

(b) G. XK. White and S. B. Woods, Can J. Physics
35, 656-665 (1957)

Comments: (a) Menganese; 99.99% pure, oL phase, annealed , (Johnson,
Matthey)

(b) Rhenium; 99.99% pure, zone melted.
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3.181

THERMAL CONDUCTIVITY of
IRON, COBALT, and NICKEL

Source of Data: (a) H.M. Roserberg, Phil. Trans. Roy.
Soe. (London) A247,L4L41-497 (1955)
R.W. Powers, J.B. Zlegler and
H.,I.. Johnston, TR 264~-6, Cryogenics
Laboratory, Ohio State Lnlversity,

17 pp (1951)

(b) G.K. White ard S.B, Woods, Can. J.
Physies 35, 656-665 (1957)

(¢) WoR.G., Kemp, P.G., Klemens, and
G.K. White, Aust, J. Physies 9,
180-188 (1956)

(d) R.W, Powers, D. Schwartz and H.L.
Johnston, TR 264-5, Cryogenic
Laboratory, Ohio State University
11 pp (1951)

Comments: (a) Iron; 99.99% pure, annealed, (Johnson,
Matthey) and 99.99% pure, (Johnson, Matthey)

(b) Cobalt; 99.99% pure, annealed, Johnson,
Matthey)

(¢) Nickel-l; 99.99% pure, annealed, (Johnson,
Matthey)

(d) Nickel-2:; 99% pure (Int, Nickel)
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Comments:

3.182

THERMAL CONDUCTIVITY OF RHODIUM,
PALLADIUM, IRIDIUM, AND PLATINUM

Source of Data:

(a)

(b)

(e)

(d)

(a) G.K. White and S.B. Woods, Can. J.
Physics 35, 248-257 (1957); R.W.
Powell and R.P. Tye, "Int. Conf. on
Low Temp" Paris, Sept. 1955.

(b) W,R.G, Kemp , P.G., Klemens, A.K.
Sreedhar, and G.K. White, Phil. Mag.
6, 811-814 (1955).

(¢) H.M., Rosenberg, Phil. Trans. Roy.
Soc. (London) A247, LL1-497 (1955);
R.W. Powell and R,P., Tye, "Int. Conf.
on Low Temp" Paris, Sept. 1955.

(d) H.M. Rosenberg, Phil, Trans. Roy.
Soe. (London) A247, LL1-497 (1955);
W. Meissner, Ann. Physik 47, 1001-
1058 (1915.

Rhodium: 99.99% pure, annealed, (Johnson,
Matthey) and 99.9% pure, annealed,
(Johnson, Matthey)

Palladium: 99.99% pure, annealed, (Johnson,
Matthey)

Iridium; 99.995% pure, annealed, (Johnson,
Matthey) and 99.9% pure, annealed,
(Johnson, Matthey)

Platinum: 99.999% pure, arnealed, (Jchnson,
Matthey), and "very pure'", annealed
(Heraeus).
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3.212.1

THERMAL CONDUCTIVITY
of COPPER ALLOYS

Source of Data: (a) R. L. Powell, H. M. Roder, and W. M. Rogers,

J. Appl. Phys. 28, 1282-1288 (1957).

(b) Same as (a)

(c) R. Berman, E. L. Foster, H. M. Rosenberg,
Brit. J. Appl. Physics 6, 181-182 (1955).

() R. Berman, Phil. Mag. 42, 642-650 {1951);
C. H. Lees, Phil. Trans. Roy. Soc.
(London) A208, 381-443 (1908).

(e) C. H. lees, Phil. Trans. Roy. Soc. (London)
A208, 381-Lk3 (1908).

(f) Same as (a)

Comments: (a) Phos. Deox . Copper; 0.027% P, 99% Cu,

Commercial hard temper.

(o) (Pb) Brass; 35.7% Zn, 3.27% Po, 1% Sn, 60% Cu,
hard temper.

(c) Beryllium Copper; 2% Be, 98% Cu, held at 300°C
for two hours.

(d) German Silver; 47% Cu, 41% Zn, 9% Ni, 2% Fb.;
md 62% Cu, 22% Zn, 15% Ni.

(¢) Manganin; 84% Cu, 12% Mn, L% Ni.

(f) Silicon Bronze; 3.15% S5i, 1.13% Mn, 1% 7Zn,
oL Cu, hard temper.

RLP
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Re DI DD

THERMAL CONDUCTIVITY of COPPER-NICKEL
and SILVER ALLOYS

Source of Data:

Comments 3 (a)

(b)
(c)
(a)

(2) TI. Estermann and J. E. Zimmerman,

J. Appl. Phys. 23, 578-588 (1952)

(b) Same as (a).

(¢c) R. L. Powell, Unpublished (1953)

(4) R. Berman, Phil. Mag. 42, 642-650 (1951);
R. W. Powers, J. B. Zeigler and H. L
Johnston, TR 264-8, Ohio State Univ. (1951)

Cu-Ni (annealed; 90% Cu, 10% Ni; annealed

Cu-Ni (cold); 90% Cu, 10% Ni; cold-worked

Ag-Solder;

Constantan;

RLP
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50% Ag, 15.%Cu, 16.5% Zn, 18% Cd
60% Cu, 40% Ni; and 55% Cu, 45% Ni.
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3.232

THERMAL, CONDUCTIVITY
of ALUMINUM ALLOYS

Source of Data: (a) R. L. Powell, W. J. Hall, and H. M. Roder,

Comments:

to be published (1958)
(b) Same as (a)
(c) same as (a)
(a) R. W. Powers, J. B. Ziegler, and
H. L. Johnston, TR 264-7, Cryogenics
Laboratory, Ohio State University 10 pp. (1951)
(e) Same as (a)
(£) same as (a)
(g) seme as (4)
(n) Same as (a)

(2) 1100-F; Alcoa, 99% Al, as fabricated.

(o) B063-T5; Alcoa, 0.4 si, 0.7% Mg, 98.5% Al, as
fabricated.

(c) 3003-F; Alcoa, 1.2% Mn, 98.5% Al, as fabricated.

(@) 1 5;0.16% Cu, 1.02% Mg, 1.20% Mn, 0.52% Fe,
0-13% Si, 0.02% Cr, 0.02% Ti.

(e) 5052-0; 0.25% Cr, 2.5% Mg, 97% Al, annealed.

(£) 5I54-0; 0.25% Cr, 3.5% Me, 96% Al, annealed.

(g) 75-8; 1.5% Cu, 5.5% Zn, 2.5% Mg, 0.2% Mn,

0.3% Cr.
(h) 2024-Th; 0.6% Mn, 1.5% Mg, 4.5% Cu, 93% AL,
solution heat treated.

RLP  Issued: 5/1/56
Revised: 3/1/59
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Source

Comments: (a)

(b)

3,281

THERMAL CONDUCTIVITY
of NICKEL ALLOYS

of Data: (a) I. Bstermanr and J.E. Zimmerman,

J. Appl. Phys. 23, 578-588 (1952);
R.W, Powers, J.B. Ziegler, and

H,L. Johnston, TR 264-8, Cryogenics
Laboratory, Ohio State Lniversity
(1951) 11 pp.

(b) Same as (a).
(¢) Same as (a).

(d) I. Estermann and J.E., Zimmerman,
J. Appl, Phys. 23, 578-588 (1952).

(e) J. Karweil and K. Schafer, Ann.
Physik 36, 567-577 (1939); R.W.
Powers, 4.B. Ziegler, and H.L.
Johnston, TR 264-8, Cryogenics
Laboratory, Ohio State University
(1951) 11 pp.

Monel; annealed:; and 67%Ni, 30% Cu, 1.4%
¥e, 1.0%'m, 0.15% ¢, 0.1% Si, 0.01% S,
hot-rolled

Monel: Hard-drawn: and 67% Ni, 30% Cu, 1.47
¥s, 1.0% Mn, 0.15% C. 0.17 si, 0.01% S,
Cold-rolied

Inconel; Arnnealed: and 80% Ni, 14%Z Cr, 6% Fe.

Inconel: Hard-drawn

contracids 60% Ni, 15% Cr, 16% Fe, 7% Mo;
and 60.05% Ni, 14.74% Ccr, 15.82% Fe,
7.2% Mo, 2.14% Mn, 0.05% C.

RLP
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2.291

THERMAL CONDUCTIVITY of
MISCELLANEOQUS ALLOYS

Source of Data: (a) R. Berman, E. L. Foster, and H. M. Rosenberg
Brit. J. Appl. Physics 6, 181-182 (1955)

(b) H. Bremmer and W. J. deHaas,

Physica 3, 692-70L4 (1936).
(c) Same as (a)
(4) Same as (b)
(e) Same as (b)
(f) W. W. Tyler and A. C. Wilson

Knolls Atomic Power Laboratory Report 803,

41 pp. (1952)

Comments: (a) Soft Solder; 60% Sp, 40% Pb
(b) Lead - L4d Tin; 56% Po, 4h% sn
(c¢) Wood's Metal; 48% Pb, 13% Sn, 13% Cd
(d) Rose's Metal; 50% Bi, 25% Pb, 25% Sn
(e) Lead - 50% Indium; 50% In, 50% Pb
(f) Titanium; Rem - Cru, RC130-B, 4.7% Mn, 3.99% Al,
0.14% C.

RLP Issued: 5/1/58
Revised: 3/1/59




3.30I

THERMAL CONDUCTIVITY, BTU/hr ft°R
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3-301

THERMAL CONDUCTIVITY
of FERROUS ALLOYS

Source of Data: (a) R. W. Powers, J. B. Ziegler, and

H. L. Johnston, TR 26L4-6, Cryogenic
Laboratory, Ohio State University 17, (1951)
(b) J. deNobel, Physica 17, 551-562 (1951)
(c) Same as (as
(a) same as (a)
(e) Same as (a)
(f) same as (b)
(g) Same as (b)
(h) R. L. Powell, and W. A. Blanpied,
NBS Circular 556, 68 pp. (195k4)
(1) Same as (b)

c ts: (a) SAE 1020; 0.33% Mn, 0.18%C, 0.01L% Si.
omments (% )

; 0.14% ¢, 0.08% Si, 0.07% Mn;
heated to 800°C and furnace cooled.

(c) SAE 1095; 0.93% C, 0.34% Mn, 0.26% Si, 0.1% Ni,
Cr, 0.05% Mo.

(d) SAE 4130; 0.99% Cr, 0.52% Mn, 0.33% C, 0.2% si,
Ni, and Mo.

(e) 410; 12.6% Cr, 0.36% Si, 0.32% Mn, 0.12% Ni,
0.09% C, 0.06% Cu, 0.03% N, 0.01% P.

(£) 4% A1; L.11% A1, 0.13% Si, 0.08% Mn, 0.03% C,
0.01% Si, heated to 800°C and furnace cooled.

(g) 13% Cr; 13.5% Cr, 0.36% C, 0.22% Si, 0.13% Mn,
heated to 950°C, oil quenched, reheated to 450°C,
air-cooled.

(h) Stainless; average value for close curves of
Types 303, 30k, 316, 347, and "stainless” as
compiled in NBS Circular 556.

(1) 24% Ni; 24.30% Ni, 6.05% Mn, 1.18% C, heated
to 1050°C and water-quenched.

Issued: 5/1/58
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Comments ¢

Source of Data:

3.501

THERMAL CONDUCTIVITY OF
GLASSES and PLASTICS

() R. L. Powell and W. A. Blanpied,
NBS Circular 556, 68 (1954)

(v) R. L. Powell, W. M. Rogers, and D. O. Coffin
J. Research NBS, 59, 349-355 (1957)

(¢) R. Berman, E. L. Foster and H. M. Rosenberg
Brit. J. Appl. Physics 6, 181-182 (1955)

(d) R. Berman
Proc. Roy. Soc. (London) A208, 90-108 (1951)

(a) Glass; average value of quartz, Pyrex, and boro-
silicate glasses.

(b) Teflon; extruded
(c) Nylon; Tmperial Chem. Ind.; drawn monofilament.

(d) Perspex; An English organic glass thermo-plastic

similar to Lucite or Plexiglass.

RLP
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SPECIFIC HEAT, ENTHALPY of SODIUM

Sources of Datsa:
Eastmsn, E. D. and Rodebush, W. H., J. Am. Chem. Soc. 40, 489 (1918)
Roberts, L. M., Proc. Phys. Soc. (London) B70, Tkl (1957)
Simon, F. and Zeidler, W., Z. physik. Chem. 123, 383 (1926)

Other References:

Dauphinee, T. M., Mac Donald, D. K. C. and Preston-Thomas, H., Proc.
Roy. Soc. (London) A221, 267-276 (1954)

Griffiths, E. G. and Griffiths, E., Phil. Trans. Roy. Soc. London A21k,
319 (1914); Proc. Roy. Soc. (London) A90, 557 (191&3, = =
Gunther, P., Ann. phys. (4) 63, 476 (1920)
Koref, F., Ann. phys. (&) 36, 49 (1911)
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Comments:

Barrett, C. S. (Acta Cryst 9, 671-7 [1956]), has shown that sodium on
cooling below 36°K may transform to the extent of a few percent from
the normal body centered cubic structure to a close-packed hexagonal
structure.
by cold work at low temperatures.
10C°K on warming.

The transformation is of the martensite type and is prompted
The cph structure persisted to about
Inasmuch as none of the calorimetric measurements on

sodium were accompanied by crystallographic asnalysis, the tabulated data

are to some degree ambiguous below 100 °K.

Table of Selected Values

Temp. C:p H Temp. | . C:p H Temp. CP H
°K J/em®x J/em K | J/em®K | J/gm K | 3wk | I/gm
1 0.000 081 | 0.000 035 18 0.124 0.597 120 1.03 8.0
2 .000 289 | .000 204 20 .155 0.875 140 1.06 98.9
3 .000 76 .000 70 25 .259 1.90 160 1.09 |120.5
L .001 60 .001 84 30 .364 3.k5 180 i.la 142.6
5 .002 98 .00k 08 4o . Shl 8.03 200 1.14 | 165.2
6 .005 1 .008 1 50 695 |14.2 220 1.16 |188.2
8 .012 2 024 7 60 .793 | 21.7 a2ho 1.18 | 211.6
10 .023 8 .060 2 70 .86 30.0 260 1.20 | 235.4
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